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The ability to recall a detailed event from a simple reminder is
supported by pattern completion, a cognitive operation per-
formed by the hippocampus wherein existing mnemonic repre-
sentations are retrieved from incomplete input. In behavioral
studies, pattern completion is often inferred through the false
endorsement of lure (i.e., similar) items as old. However, evidence
that such a response is due to the specific retrieval of a similar,
previously encoded item is severely lacking. We used eye move-
ment (EM) monitoring during a partial-cue recognition memory
task to index reinstatement of lure images behaviorally via the
recapitulation of encoding-related EMs or gaze reinstatement.
Participants reinstated encoding-related EMs following degraded
retrieval cues and this reinstatement was negatively correlated
with accuracy for lure images, suggesting that retrieval of existing
representations (i.e., pattern completion) underlies lure false
alarms. Our findings provide evidence linking gaze reinstatement
and pattern completion and advance a functional role for EMs in
memory retrieval.

eye movements | memory | pattern completion

emory is often a kind of guessing game: We receive frag-

mentary, noisy, or degraded information from the sensory
environment and then must “fill in” the blanks. Seeing a blurry
face in the distance or hearing a note from a familiar song can
suddenly lead to recognition of a close friend or the incessant
humming of a tune. This remarkable ability is thought to rely on
a neurocomputational process called “pattern completion” (for
review, see refs. 1 and 2). Pattern completion refers to the re-
trieval of a complete memory representation from partial or
degraded input, while the complementary process of “pattern
separation” refers to the transformation of similar inputs into
distinct, nonoverlapping memory traces (3, 4; for review, see ref.
5). Both processes have been attributed to distinct subregions in
the hippocampus, and contribute to its broader role in the
encoding and retrieval of the relations among stimulus or event
features (6, 7).

Although pattern separation and pattern completion describe
neurocomputational processes, they are often inferred from be-
havioral memory responses. That is, when a lure (i.e., similar)
item (e.g., two different pictures of apples) is correctly identified
as new, pattern separation is thought to have occurred; whereas
when a lure item is incorrectly identified as old, pattern com-
pletion is thought to have occurred (8-11). While previous work
has often relied on such responses to index pattern completion,
this approach is indirect and rests on untested assumptions;
namely, that false alarms to lure stimuli are the result of retrieval
of the originally encoded item (12; see also ref. 13). Presumably,
the operation of pattern completion should entail the retrieval of
individual stimulus features absent from the test probe as well as
the relations between those features and features present in the
test probe (see also ref. 14). However, that retrieval of such a
detailed relational representation has occurred cannot be as-
sumed from a simple behavioral response. Thus, to evaluate this
claim more directly, the present study used eye movement (EM)
monitoring to measure the overlap between participant- and
stimulus-specific gaze patterns during encoding and retrieval
(visualization) of degraded lure stimuli as a predictor of memory
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performance. Whereas behavioral responses reflect the outcome
of an underlying retrieval process, EM-based reinstatement has
been linked to the online maintenance and retrieval of relational
information (for review, see ref. 15), making it a powerful tool to
assess reactivation.

EMs provide a unique window into cognitive processes as they
unfold in time (for review, see ref. 16). Research using EM
monitoring suggests that EMs are involved in the binding of
stimulus features into cohesive memory representations during
encoding, and the retrieval of those features and the relations
among them during retrieval (14; for review, see refs. 15 and 16).
For example, whereas fixed viewing impairs memory (17-21),
spontaneous gaze shifts to regions corresponding with previously
encoded (i.e., viewed) image features have been shown to facil-
itate reactivation of those features and the relations among them
(22, 23; for review, see ref. 15). Reinstatement of encoding-related
EMs, or “gaze reinstatement,” during memory maintenance (24, 25)
and retrieval (26-29) has been associated with mnemonic perfor-
mance across a variety of tasks. Even in the absence of visual input,
humans spontaneously direct their gaze to image regions previously
inspected during encoding (i.e., “looking at nothing”), and this
gaze reinstatement has been correlated with explicit measures of
memory. (18, 20, 26, 30-34; for review, see refs. 15 and 33).

Extending this work, recent neuroimaging findings suggest
that gaze reinstatement may rely on the same neural mechanisms
that support memory retrieval. For example, a recent study from
Bone et al. (34) found that participants reinstated encoding-
related EMs during stimulus-free visualization, and this rein-
statement was positively correlated with whole-brain neural
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reactivation (i.e., similarity between image-specific patterns of
brain activity evoked during perception and imagery), which in
turn was correlated with objective (change detection performance)
and subjective (vividness ratings) measures of memory. Gaze re-
instatement that differentiates hits from misses for configurally
similar scene images has also been correlated with activity in the
hippocampus (35), supporting the existence of a functional link
between EMs and hippocampally mediated relational memory
processes (see also refs. 3640 and 41; for review, see refs. 42 and
43). Given that EMs and memory retrieval, and the neural net-
works underlying them, are intimately related, the present study
used EM monitoring to assess the online reactivation of previously
encoded stimuli during mnemonic discrimination of lure images
via gaze reinstatement.

From a computational standpoint, pattern completion involves
the reactivation of a total memory trace from a partial or de-
graded stimulus that serves as an input pattern to an autoasso-
ciative network (for review, see refs. 5 and 44). Thus, to capture
pattern completion as it has been defined in computational
models, we used memory cues that had been systematically de-
graded by randomly removing chunks of information from the
recognition probes. After an image-encoding phase, participants
were briefly (<750 ms) presented with old and lure test images that
were manipulated such that a proportion of the image (0-80%)
was occluded. Before making an old/new recognition response,
participants were instructed to visualize the presented image while
looking at a blank screen. Importantly, the lack of visual input
during this posttest interval allowed us to isolate the effect of
memory on retrieval-related EMs from the effects of the visual
properties of the test probe.

To determine whether the degraded test probe elicited re-
trieval of the corresponding (same or similar) encoded stimulus,
we computed the overlap between encoding- and retrieval-related
gaze patterns. If false alarms to lure stimuli are indeed related to
retrieval of the similar item via pattern completion, this should be
reflected in the accompanying EMs, which should be directed
toward screen regions previously visited during encoding of the
originally presented stimulus. Accordingly, we hypothesized that
similarity between encoding- and retrieval-related gaze patterns
during the posttest interval should be greater than chance even
when images are substantially degraded, indicating that the corre-
sponding encoded representation has been reactivated. Moreover,
based on previous evidence of gaze reinstatement and behavioral
pattern completion, we predicted that reinstatement of encoding-
related EMs during partially cued retrieval would be positively
correlated with accuracy for old images and negatively correlated
with accuracy for lure images.

To further examine the content and specificity of retrieved
representations, we computed retrieval-related reactivation of the
degraded test probe image (i.e., “probe reinstatement”) along with
two separate measures of encoding-retrieval EM similarity to
measure both the idiosyncratic reactivation of stimulus-specific
features and relations (i.e., “gaze reinstatement”) and the
participant-invariant reactivation of nonspecific image features
and relations (i.e., “image reinstatement”). We then compared the
strength of each measure in predicting retrieval-related EMs and
accuracy across the retrieval interval. Critically, by computing
multiple measures of EM-based reinstatement, we were able to
not only deduce the occurrence of pattern completion—that is,
that a specific previously encoded item has been retrieved—but
also the nature of the pattern being completed, and specifically
whether it comprises the stimulus itself (image reinstatement) or
the stimulus and the operation by which it was encoded (gaze
reinstatement).

Methods

Participants. Participants were 64 young adults (43 female) aged 19 to 35y
(mean = 23.66, SD = 3.85) with normal or corrected-to-normal vision who
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were recruited through the Rotman Research Institute’s participant data-
base. The study was approved by the Rotman Research Institute’s Research
Ethics Board. All participants provided informed consent before participating
in the experiment in accordance with the ethical guidelines of the Rotman
Research Institute and were compensated at a rate of $10/h for their partici-
pation. Seven participants were excluded from analysis on the basis of missing
data (n = 2), average performance (corrected recognition) lower than 2.5 SD
from the mean (n = 2), average gaze reinstatement greater than 3.5 SD from
the mean* (n = 1), and failure to follow instructionst (n = 2). Data from the
remaining 57 participants were analyzed.

Apparatus. Stimuli were presented on a 1,024 x 768 resolution, 19-inch Dell
M991 monitor. Monocular EMs were recorded using a head-mounted EyeLink
Il eyetracking system at 500-Hz sampling rate (SR Research Ltd.). EM calibra-
tion was accomplished using a nine-point calibration procedure, which was
performed prior to the experiment. Drift correction (>5°) was performed be-
tween trials. Saccades and blinks were defined by EyeLink as saccades greater
than 0.5° of visual angle and the period in which saccade signal was missing
for three or more consecutive samples, respectively. All remaining samples
were classified as fixations.

Stimuli. Stimuli consisted of 240 images or 120 sets (A-B) of unique, but similar
800 x 600-pixel images displayed against a black background. During the
test phase, image duration (250, 500, 750 ms) and degradation (0%, 20%,
40%, 60%, 80%) were manipulated. Images were degraded by randomly
placing 100 x 100-pixel gray squares over the image (Fig. 1). This was done in
order to assess pattern completion as it is defined computationally, as the
retrieval of a complete memory representation from partial or degraded
input. Test image duration was also manipulated as an additional variable
measure of visual input. Images were randomly assigned to one of four
study/test blocks and counterbalanced across duration, degradation, and
probe type (old, new). Of the 30 images presented during each study block,
participants viewed 15 again as test probes (“old"”). Lures from the alternate
set of similar images were presented as test probes for the remaining 15
studied images.

Procedure. Before the start of the experiment, participants completed two
short (six trials) study/test practice blocks with novel images to familiarize
themselves with the paradigm. Participants subsequently completed four
blocks of a modified recognition memory test (Fig. 2), with each block
containing a novel set of images. During each study block, participants were
instructed to view and memorize a set of 30 images, which were presented
four times each. Image presentation order was randomized within each
repetition. On each trial, participants were presented with a single image for
3's. A 2-s fixation cross was presented between trials, during which the ex-
perimenter was able to perform online drift correction if necessary. Fol-
lowing the study block, participants were tested on their memory for the
studied images during a test block. On each test trial, participants were
presented with an old (presented at study) or new (lure: similar, but not
identical to an image presented at study) image for 250, 500, or 750 ms,
followed by a 50-ms mask. The purpose of the mask was to prevent sensory
persistence from influencing viewing during the posttest interval. Image
presentation was manipulated such that each image could be presented either
in full (0% degradation), or with 20%, 40%, 60%, or 80% degradation (Fig. 1).
Participants were told to ignore the gray squares when making a response
(i.e., to base their response on the visible portions of the underlying image).
Following the mask, participants were presented with a gray square the same
size as the study and test images (800 x 600 pixels) against a black background
for 3 s, during which they were instructed to visualize the presented test im-
age. After this posttest interval, participants were given 3 s to indicate
whether the presented test image was “old” or “new"” via key press. Partici-
pants were instructed to respond “old” only if the test image was exactly the
same as an image presented during study, and to respond “new” to all other
images (i.e., lures). Test trials were separated by a variable length (2 to 6 s)
fixation cross, during which online drift correction was performed at the dis-
cretion of the experimenter.

During each test block, each of the 30 previously encoded images was
presented in one condition, with condition referring to every possible com-
bination of probe type (old, lure), duration (250, 500, 750), and degradation

*This participant also had an average performance score lower than 1.5 SD from
the mean.

"These participants also had average performance scores lower than 2 SD from the mean.
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Fig. 1. Examples of old and lure stimulus images at all levels of image degradation.

(0, 20, 40, 60, 80) for a total of 30 conditions. Across four study/test blocks, this
resulted in a total of four images in each condition.

EM Analyses. In the present study, we computed three separate measures of
retrieval-related EM-based reinstatement, or the similarity between spatial
fixation patterns during encoding or test and retrieval (Figs. 3 and 4), using
the R eyesim package (https:/github.com/bbuchsbaum/eyesim). To compute
reinstatement scores, we generated duration-weighted, smoothed fixation
density maps for each relevant interval (e.g., encoding) using all fixations
collapsed over that interval (see SI Appendix for further details). Corre-
sponding density maps were compared using a Fisher's z-transformed
Pearson correlation. This correlation yielded a single value representing
the spatial overlap between fixations during the posttest interval and fixa-
tions during study or test (i.e.,, raw reinstatement). To ensure that re-
instatement values were driven by memory and not by generic viewing
patterns (e.g., center bias), each participant-specific posttest interval density
map was additionally correlated with 50 other randomly selected across-
participant study (or test) image density maps (depending on the measure
being computed). The values resulting from this permutation were then av-
eraged to obtain a control (across image) reinstatement score (i.e., permuted
reinstatement). The resulting permuted reinstatement score was then sub-
tracted from the raw reinstatement score of interest, yielding a final differ-
ence score. In this way, all EM-based reinstatement measures control for
image-invariant viewing tendencies, including the tendency to fixate the
center of the screen.

While we were primarily interested in EM-based reinstatement of in-
formation from long-term memory, it is possible that EMs during the posttest
interval reinstate salient regions of the just-presented test-probe image.
Therefore, in order to distinguish between reinstatement that is guided by
memory for the encoded image from reinstatement guided by memory for
the just-presented test probe, we computed a measure of probe re-
instatement, reflecting the similarity between the EM patterns of all par-
ticipants viewing the test probe (i.e., the visible portions of the test image
weighted by the EM pattern of all participants encoding the same image
during the study period), and a single participant subsequently retrieving
that image (or the alternate lure image) during the 3-s stimulus-free
posttest interval.

To quantify the reinstatement of image features from long-term memory,
we computed two additional measures of reinstatement. Gaze reinstatement
reflects the similarity between the EM patterns of a single participant
encoding a single image over four study opportunities and subsequently
retrieving that same image (or a similar lure) during the 3-s stimulus-free
posttest interval. Based on the theory that EMs both encode and are
themselves embedded in mnemonic representations (22, 23), this measure
captures reinstatement of the encoded image including the corresponding
encoding operations, in this case, the pattern of EMs. Although there is
ample research supporting a specialized role for such gaze reinstatement in
memory retrieval (for review, see ref. 15), other work suggests that retrieval-
related EMs reinstate salient regions of the encoded stimulus, even when
EMs are restricted at encoding (19). Therefore, to distinguish idiosyncratic
reinstatement from more general image reinstatement, and to determine
whether there is something special about reinstating one’s own fixations
that benefits memory above and beyond the benefits conferred by re-
instating generally salient or semantically informative regions of the enco-
ded image, we also measured image reinstatement. This measure reflects
the similarity between the EM patterns of all participants encoding a single
image over the four study opportunities and a single participant sub-
sequently retrieving that image during the 3-s stimulus-free posttest
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interval, and captures reinstatement of the encoded image without requiring
reinstatement of the accompanying EMs.

For old images, the analysis proceeded as described by comparing the gaze
patterns corresponding to encoding and retrieval of the same image during
the study period and posttest interval, respectively (i.e., A-A). Importantly, for
lure images presented at test, the posttest interval gaze pattern was com-
pared to the gaze patterns corresponding to encoding of the similar (lure)
image during study (i.e., A-B). Thus, a high gaze reinstatement score for an
old image indicates reinstatement of the same image, whereas a high score
for a lure image indicates reinstatement of the similar studied image. Further
details regarding the reinstatement measures can be found in S/ Appendix.

Data Analysis. To investigate factors contributing to performance on the
recognition task, we ran a generalized linear mixed-effects model (GLMM;
glmer of package Ime4, 45) with a bobyga optimizer on trial-level accuracy
(correct, incorrect, with a binomial distribution and logistic link function), and
linear mixed effects models (LMEM) on gaze reinstatement, image re-
instatement, and probe reinstatement, with probe type (old, lure), degra-
dation (0%, 20%, 40%, 60%, 80%), and duration (250 ms, 500 ms, 750 ms) as
independent variables. To allow for simple effects analysis of significant
interactions, probe type was recoded as 0 (old) and 1 (lure). Duration and
degradation were z-scored and participant and item were modeled as ran-
dom effects (intercepts). To build the models, we used a backward selection
approach, starting with a maximal model (45), which included fixed effects
for all variables and their interactions, as well as random intercepts for
participant and item. Models were compared using likelihood ratio tests

Study
3000ms

|-
>

Posttest Interval Response
3000ms 3000ms

Test Mask
250-750ms 50ms

Fig. 2. Experimental procedure. During the study period, each image was
presented for 3,000 ms. A 2,000-ms fixation cross (not shown here) appeared
between trials, to allow for online drift correction. Study images were pre-
sented four times each. During the test period, each test probe was pre-
sented for 250, 500, or 750 ms, either in full (0% degradation), or with 20%,
40%, 60%, or 80% of the image obscured by 100 x 100-pixel gray squares.
Following the test probe, a visual mask was presented for 50 ms, after which
a gray square was presented for 3,000 ms, during which participants were
instructed to visualize the presented image. Finally, participants were given
3,000 ms to indicate whether the presented image was “old” (presented at
study) or “new” (i.e., lure: similar, but not identical to an image presented at
study). Note that all images and the gray posttest interval square were
presented at 800 x 600 pixels on a black background; the images have been
expanded here for visualization.
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Fig. 3. Visualization of EMs for a single participant during encoding and
retrieval. In this example, the retrieval cue was a lure image presented at
40% degradation. The lure image is presented here for visualization pur-
poses; it was not present on the screen during retrieval. Note that EMs at
retrieval extend to the right of the central figure, to the location previously
occupied by the figure in the encoded image.

with a = 0.05, such that nonsignificant fixed effects were removed from the
model in a stepwise fashion until no further model changes resulted in a
significant likelihood ratio test. Results of the final best-fit models arrived at
via model comparison are reported, with significance values approximated
with the ImerTest R package (46).

To evaluate our hypotheses that gaze reinstatement should be positively
predictive of accuracy for old images and negatively predictive of accuracy for
lure images, we ran three additional GLMMs on accuracy by adding each of
the described reinstatement scores to the final GLMM from the behavioral
analysis. The models including reinstatement were compared to the base model
using likelihood ratio tests with « = 0.05. Model comparison proceeded in a
stepwise fashion, starting with main effects of reinstatement and proceeding
to interactions of reinstatement and other predictors, such that only effects
that significantly improved the fit of the model were retained.

To investigate individual differences in the relationship between gaze
reinstatement and behavioral performance, we ran bootstrapped Pearson
correlations (bootstrap iterations = 5,000) of gaze reinstatement and accu-
racy (overall percent correct) separately for old and lure images.

S1

Study
3000ms

Probe Reinstatement

Finally, to examine changes in reinstatement over time, we extracted from
each of the three density maps (gaze, image, and probe, described previously), the
value corresponding to the location of fixation at each point in time across the
posttest interval, sampled in 50-ms intervals. This analysis allowed us to determine
whether the location of fixation at various stages of retrieval best reflected re-
instatement of the test probe image (i.e., probe reinstatement), the previously
encoded image (i.e., image reinstatement), or the previously encoded image
along with the accompanying gaze pattern (i.e., gaze reinstatement). For ease of
analysis and interpretation, we aggregated the values from each time point into
three discrete 1,000-ms time bins. We then ran separate LMEMs for old and lure
images with density as the dependent variable and accuracy (correct, incorrect),
measure (i.e., density map: gaze, image, probe), and time (T1: 0 to 1,000 ms, T2:
1,000 to 2,000 ms, T3: 2,000 to 3,000 ms) as independent variables. To allow for
simple effects analysis of significant interactions, accuracy was coded as 0 (in-
correct) and 1 (correct) and time was coded for a linear effect. To evaluate the
effect of reinstatement measure on density, measure was coded such that the
gaze density map served as the reference level. Participant and item were
modeled as random effects (intercepts). Models were compared in a backward
stepwise manner using likelihood ratio tests with o = 0.05.

Results

Behavioral Results. Results of the best-fit model of accuracy ar-
rived at via model comparison revealed significant effects of
probe type, duration, and degradation (S Appendix, Table S1). As
expected, memory accuracy was greater for old relative to lure
images (Fig. 54) and increased with increased test probe duration
(Fig. 5B) and with decreased test probe degradation (Fig. 5C).

EM Results. To investigate the factors contributing to re-
instatement of the test probe and the encoded image, we ran
LMEMs on probe reinstatement, image reinstatement, and gaze
reinstatement, with duration, degradation, and probe type as
predictors. We were particularly interested in the ability of each
of these measures to differentiate between retrieval of old and
lure images. For all analyses, reinstatement is reported as the
difference between raw and permuted reinstatement scores, such
that positive scores indicate reinstatement of the same image

0000

Test
250-750ms 50ms

Mask Posttest Interval

3000ms

>

Fig. 4. lllustration of the three measures of EM-based reinstatement. The heat maps reflect fixation density, with warm values indicating areas of high
fixation density. Probe reinstatement is computed by correlating the heat map generated from the test probe weighted by the fixations of all participants (S
All) viewing the same image during study and a single participant (S1) subsequently retrieving that image (or a similar lure) during the posttest interval.
Image reinstatement is computed by correlating the heat map generated from the cumulative fixations of all participants (S All) viewing a single image over
four study presentations and a single participant (S1) subsequently retrieving that image (or a similar lure) during the posttest interval. Gaze reinstatement is
computed by correlating the heat map generated from the cumulative fixations of a single participant (S1) viewing a single image over four study pre-
sentations and subsequently retrieving that image (or a similar lure) during the posttest interval. All density maps are smoothed and duration weighted.
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Fig. 5. Accuracy (overall percent correct) by (A) probe type, (B) duration, and (C) degradation. Note that although the y axis here corresponds to overall percent
correct, this is for the purpose of visualization only. The GLMM uses a trial-level binary measure of accuracy (correct, incorrect)

that is greater than reinstatement of other images derived from a
permutation.

Probe reinstatement. Results of the best-fit model of probe re-
instatement (i.e., reinstatement of the test probe image) (SI
Appendix, Table S2) arrived at via model comparison revealed
significant effects of duration (Fig. 64) and degradation (Fig.
6B), indicating that reinstatement of the test probe decreased
with increased test probe duration and degradation.

Image reinstatement. Results of the best-fit model of image rein-
statement (i.e., reinstatement of generally salient image regions)
(SI Appendix, Table S3) arrived at via model comparison
revealed a significant main effect of duration and a significant
interaction of duration X degradation (Fig. 6C), indicating that
reinstatement decreased with increased test probe duration, and
this effect was attenuated with increased test probe degradation.
Gaze reinstatement. Before conducting the LMEM on gaze re-
instatement, we first compared the raw reinstatement values
(within-image) to the permuted reinstatement values (across-
image) to ensure that retrieval-related gaze patterns were indeed
closer to encoding-related gaze patterns reflecting the same
image than to encoding-related gaze patterns reflecting other
images. A paired samples ¢ test comparing raw reinstatement
values (mean = 0.22) to permuted reinstatement values (mean =
0.19) was significant [t (56) = 3.42, P = 0.001, 95% CI: 0.014,
0.052] (Fig. 6D), indicating that reinstatement of encoding-related
gaze patterns was indeed greater than would be expected based on
generic viewing tendencies, like the tendency to fixate the center
of the screen.

Whereas probe type was eliminated from both the probe re-
instatement and image reinstatement models, results of the best-
fit model of gaze reinstatement (i.e., reinstatement of own fixations)
(SI Appendix, Table S4) arrived at via model comparison revealed
a significant effect of probe type on gaze reinstatement (Fig. 6E),
indicating that reinstatement of encoding-related gaze patterns
differentiates retrieval of old images from retrieval of lure
images. Notably, mean gaze reinstatement scores, obtained by
bootstrapping participant means (bootstrap iterations = 5,000),
were greater than 0 (i.e., greater than the mean permuted value)
for all levels of test probe duration (mean,sy = 0.037, 95% Clysy:
0018, 0057, meansg) = 0035, 95% CIS()O: 0016, 0054, meany;sg =
0.026, 95% Cl750: 0.007, 0.046) and image degradation (meany =
0.032, 95% Cly: 0.012, 0.052; meany, = 0.039, 95% Cly: 0.018,
0.057; meanyg = 0.037, 95% Clyo: 0.018, 0.057; meang, = 0.024,
95% Clgo: 0.004, 0.044; meang, = 0.032, 95% Clg: 0.012, 0.053),
suggesting that even briefly presented or severely degraded visual
input is sufficient to elicit gaze reinstatement.

Summary of EM results. Results of the analyses on viewing behavior
indicated that both probe and image reinstatement decreased
significantly with increased test probe duration, suggesting that
EMs may play a more significant role in retrieval when visual
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cues are insufficient. Degradation of the test probe significantly
attenuated probe reinstatement, but had no effect on image or
gaze reinstatement, further suggesting that sparse visual in-
formation is sufficient to elicit reinstatement of an encoded
image from long-term memory, whereas reinstatement of the test
probe is dependent on its visual properties. Finally, only gaze
reinstatement showed a significant effect of probe type, with
greater gaze reinstatement for old compared to lure test probes.
To further investigate whether gaze reinstatement plays a spe-
cialized role in retrieval, we subsequently investigated the rela-
tionship between gaze reinstatement and memory performance
in a model containing all reinstatement measures.

Relationship between EMs and Behavior. To test our hypotheses
that gaze reinstatement should be positively associated with ac-
curacy for old images and negatively associated with accuracy for
lure images, we investigated whether adding each of the pre-
viously described reinstatement scores to the accuracy model (S
Appendix, Table S1) improved the model fit. As expected, the
addition of gaze reinstatement significantly improved the fit of
the model (x* = 13 502, P < 0.001), whereas additions of image
relnstatement (x> = 2.347, P = 0.126) and probe reinstatement
(> = 0.290, P = 0.590) did not. To account for encoding effects,
we also added the cumulative number of fixations (z-scored) on
each image during the study period (over the four study pre-
sentations) as a predictor. This measure has been previously
linked to memory success (47-49) and hippocampal activity (40).
The addition of cumulative study fixations significantly improved
the fit of the model (y* = 10.354, P = 0.001). Interactions of gaze
reinstatement and cumulative study fixations with the other
predictors (probe type, duration, degradation), as well with each
other, were subsequently added to the model in a stepwise
manner. Only the interaction of gaze relnstatement and probe
type significantly improved the fit of the model (X =9812, P =
0.002). The results of the best-fit accuracy model (with the ad-
ditions of gaze reinstatement and cumulative study fixations)
arrived at via model comparison are reported in Table 1.

Results of the final best-fit model of accuracy arrived at via
model comparison (Table 1) revealed significant effects of probe
type (old > lure), duration, and degradation, with accuracy in-
creasing with increased test probe duration and decreased test
probe degradation. In line with previous work (47-49), cumula-
tive study fixations (a measure of encoding success) significantly
predicted accuracy on the recognition task. Finally, the effect of
gaze reinstatement on accuracy was nonsignificant for old images,
and significantly negative for lure images, suggesting that re-
instatement of participant- and image-specific encoding-related
gaze patterns does not support recognition of old images, but
does predict false alarms to similar (lure) images at test.

To determine whether the significant interaction of gaze re-
instatement and probe type revealed by the GLMM was also
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present in an across-participants analysis, we ran bootstrapped
Pearson correlations (bootstrap iterations = 5,000) of gaze re-
instatement and accuracy (overall percent correct) separately for
old and lure images (Fig. 74). As was the case in the within-
participants analysis, we did not find evidence supporting the hy-
pothesis that gaze reinstatement predicts correct recognition of old
images (r = 0.035, 95% CI: —0.203, 0.278). However, in line with
our predictions and results of the within-participants analysis, there
was a robust negative correlation between gaze reinstatement
and accuracy for lure images, suggesting that reinstatement of
participant- and image- specific encoding-related gaze patterns
during the posttest interval predicts false endorsement of similar
images as old (r = —0.399, 95% CI: —0.664, —0.148).

Previous work suggests that gaze reinstatement might only
facilitate memory performance when cognitive demands exceed
cognitive resources (25; for review, see ref. 15). Given that
performance was at ceiling for old images, we were unable to
probe this effect. Thus, to examine whether mnemonic demands
modulated the effect of gaze reinstatement for old images, we
conducted a median split of the data based on the mean accuracy
for each image (median = 80.702), which we used to approxi-
mate difficulty in correctly recognizing the image (see ref. 50). In
line with the results of the previous bootstrap, gaze reinstate-
ment was not significantly correlated with accuracy when only
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easy images were included in the analysis (r = —0.075, 95% CI:
—0.324, 0.167) (Fig. 7B). However, when only difficult images
were included in the analysis, gaze reinstatement was positively
correlated with accuracy for old images (r = 0.234, 95% CI: 0.014,
0.469) (Fig. 7C).

Reinstatement across Time. To visualize the distinct trajectories of
the three measures of reinstatement across the retrieval interval,
we extracted density values for each measure (probe reinstate-
ment, image reinstatement, gaze reinstatement) at discrete points
in time from the onset of the test probe to the end of the posttest
interval by sampling from each of the three density maps in 50-ms
intervals (collapsing across duration and degradation) (Fig. 8). We
then ran separate LMEMs on density for old and lure images, with
accuracy (correct, 1; incorrect, 0), measure (i.e., density map: gaze
[reference variable], image, probe), and time, aggregated into
three bins and coded for a linear effect (T1: 0 to 1,000 ms, T2:
1,000 to 2,000 ms, T3: 2,000 to 3,000 ms) as independent variables.
Results of the final best-fit models arrived at via model compar-
ison are reported below.

0ld images. Results of the final best-fit model of density for old
images arrived at via model comparison (SI Appendix, Table S5)
revealed a significant effect of accuracy for gaze reinstatement
(reference category) at T1 (hits > misses), and this effect was
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Table 1.

Relationship between eye movements and behavior

Fixed effects B SE 95% CI z P
Intercept 2.307 0.085 2.144, 2.484 27.250 <0.001#***
Gaze reinstatement 0.136 0.281 -0.422, 0.704 0.486 0.627
Probe type -1.303 0.071 —1.448, -1.165 —-18.457 <0.001#***
Duration 0.179 0.033 0.114, 0.244 5.513 <0.001***
Degradation —-0.475 0.043 —-0.563, —0.391 -10.944 <0.001#***
Cumulative study fixations 0.104 0.042 0.022, 0.188 2.514 0.012*
Gaze reinstatement X probe type -1.071 0.340 -1.756, —0.395 -3.153 <0.002***

Total observations = 6,660

The random effects variance and SD for participants (intercept) are 0.148 and 0.384, respectively. For items
(intercept), these values are 0.427 and 0.653, respectively. Model equation: Accuracy ~ gaze reinstatement +
probe type + duration + degradation + cumulative study fixations + gaze reinstatement x probe type + (1 |

participant) + (1 | item). *P < 0.05, ***P < 0.001.

marginally attenuated for image reinstatement and significantly
attenuated for probe reinstatement. We also observed a signifi-
cant interaction of accuracy and time, indicating that the dif-
ference in gaze reinstatement between hits and misses (hits >
misses) significantly decreased over the course of the posttest
interval. This effect (accuracy x time) was significantly attenu-
ated and even reversed for probe reinstatement, indicating that
over time, the difference in probe reinstatement between hits
and misses (hits > misses) significantly increased relative to gaze
reinstatement. Finally, probe reinstatement significantly out-
performed gaze reinstatement for misses early in the posttest
interval and this difference was significantly attenuated and even
reversed over time (gaze > probe). For hits, the difference be-
tween probe reinstatement and gaze reinstatement was signifi-
cantly attenuated at T1, however this difference significantly
increased and was even reversed over time, such that gaze re-
instatement outperformed probe reinstatement later in the posttest
interval.

Lure images. Results of the final best-fit model of density for lure
images arrived at via model comparison (SI Appendix, Table S6)
revealed a significant effect of accuracy for gaze reinstatement
(reference category) at T1 (false alarms > correct rejections), and
this effect was significantly attenuated for both image and probe
reinstatement. Interactions of accuracy and time were eliminated
from the model, indicating that the difference in reinstatement
between correct rejections and false alarms remained consistent
across the posttest interval. Gaze reinstatement significantly out-
performed image reinstatement at T1 for false alarms, and this
difference increased over time. However, gaze reinstatement
performed significantly worse than probe reinstatement at T1.
This difference (probe > gaze) was significantly attenuated and
even reversed over time, such that gaze reinstatement later in the
posttest interval outperformed probe reinstatement.

Summary of temporal analyses. In summary, results of the temporal
analyses revealed changes in the spatial distribution of EMs over
time as well as distinct gaze trajectories for old and lure images
over the posttest interval. For both old and lure images, early
fixations returned to regions of the screen previously occupied by
salient regions of the test probe. However, with increasing time,
EMs were primarily directed to regions that were previously
occupied by salient regions of the studied image, and particularly
those that were fixated previously (i.e., gaze reinstatement).
These findings suggest that, whereas initial EMs during retrieval
may be biased by sensory input held online, subsequent EMs are
increasingly driven by mnemonic processes. Moreover, gaze re-
instatement was related to the subsequent memory judgment, with
greater gaze reinstatement for hits compared to misses early in the
posttest interval and for false alarms compared to correct rejections
across the posttest interval. Together, these findings suggest that
EMs flexibly support memory retrieval by differentially reinstating
varying levels of mnemonic content across time and space.
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Discussion

Pattern completion describes a neurocomputational process
whereby a memory representation is retrieved from partial or
degraded input, and is a critical function of the hippocampal
relational memory system (3, 4; for review, see ref. 5). Yet, it is
often studied behaviorally. In mnemonic discrimination tasks,
participants are required to discriminate repeated old items from
similar “lure” items, with false endorsement of lure items taken
as prima facie evidence of pattern completion (8-11). However,
the relationship between this behavioral response and the un-
derlying retrieval mechanism remains unclear. In the present study,
we used an EM-based measure of encoding-retrieval overlap to
investigate whether incomplete lure memory cues elicit retrieval of
the originally encoded stimulus (i.e., that pattern completion has
occurred). Based on evidence of behavioral pattern completion and
EM-based reinstatement, we predicted that the similarity between
encoding- and retrieval-related EMs or, gaze reinstatement, a
measure that has been previously linked to memory retrieval (for
review, see ref. 15), hippocampal activity (35), and neural reac-
tivation (34), would be spontaneously recruited in response to
degraded test probes, and would be greater for hits than misses
and for lure false alarms compared with correct rejections.

Consistent with previous findings of gaze reinstatement (20, 29—
32, 34, 51; for review, see, ref. 15), retrieval-related EMs were
more similar to gaze patterns reflecting encoding of the same (old)
or similar (lure) image than to gaze patterns reflecting encoding of
other images, suggesting that they reflect image-specific memory.
In line with our predictions, gaze reinstatement was above 0 at all
levels of test probe degradation, indicating that given an incomplete
cue, EMs facilitate reactivation of a specific item representation
from memory. Moreover, temporal analyses indicated that whereas
early fixations following the test probe largely reinstated salient
regions of the test probe, later fixations favored regions previously
visited during encoding of the same or similar image. To investigate
whether this reinstatement played a functional role in retrieval, we
modeled accuracy on the recognition memory task as a function of
EMs during both encoding and retrieval.

Consistent with findings of behavioral pattern completion (8-
11), gaze reinstatement for lure images—that is, the similarity
between EMs following presentation of a lure test probe and EMs
during encoding of a similar image—was negatively correlated
with accuracy both within and across participants. This effect could
not be accounted for by reinstatement of generally salient regions
of the studied image (i.e., image reinstatement), reinstatement of
the presented test probe (i.e., probe reinstatement), or encoding-
related EMs. Extending previous work, these findings lend critical
support to the assumption that false alarms to lure items (ie.,
behavioral pattern completion) reflect retrieval of previously
encoded similar items (8-11). Moreover, these findings are
consistent with—and may be related to—a growing literature
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suggesting that reinstatement of encoding-related neural activity
patterns can have detrimental effects on recognition memory, par-
ticularly with respect to discriminating lures (e.g., refs. 52-54).

In addition to the hypothesized role of gaze reinstatement in
lure false alarms, we predicted that gaze reinstatement would
facilitate correct recognition of old images, consistent with the-
ories and findings of EM-based mnemonic reinstatement (22, 23;
for review, see, ref. 15). Indeed, of the three reinstatement
measures, only gaze reinstatement was significantly different
between old images and lure images, suggesting that reinstate-
ment of one’s own encoding-related EMs reflects the contents of
memory. Whereas we did not observe a general effect of gaze
reinstatement on recognition of old images, finer-grained temporal
analyses revealed that within participants, the relationship between
gaze reinstatement and performance emerged early in the posttest
interval and was attenuated over time. Consistent with previous
work, this finding suggests that recognition is more likely when early
fixations reinstate remembered image regions (27, 29, 30). More-
over, analyses of individual differences revealed a positive corre-
lation between gaze reinstatement and performance for difficult
old images. This finding lends support to previous work suggesting
that gaze reinstatement facilitates performance when task de-
mands exceed cognitive resources (25; for review, see, ref. 15).
Finally, results of the accuracy model further revealed a significant
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Fig. 8. Gaze reinstatement, image reinstatement, and probe reinstatement
across time for old and lure images. Reinstatement is indexed by the value in
the respective density map at each point (50 ms) in time. Solid lines represent
accurate responses and dotted lines represent inaccurate responses.
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positive relationship between the number of cumulative fixations
made across the four study presentations of each image and ac-
curacy on the recognition task. This finding is consistent with
previous work linking encoding-related EMs to memory perfor-
mance (47-49) and hippocampal activity (41), and further suggests
that EMs during both encoding and retrieval reflect memory success.

Although the present study did not measure neural activity,
several lines of evidence support the idea that the observed EM
effect is related to hippocampal pattern completion. First, gaze
reinstatement is increased in older adults, a population with
deficits in hippocampal structure and function (for review, see
ref. 55), compared with younger adults (25, 27), and this is
consistent with an age-related bias toward pattern completion
(e.g., lure false alarms) (56). Indeed, a recent study from Vieweg
et al. (57) showed that the similarity between gaze patterns for
correctly identified degraded images (e.g., library called library)
and response matching incorrectly identified degraded images
(e.g., office called library) was greater in older adults compared
to younger adults, and was correlated with an age-related bias
toward behavioral pattern completion (learned images > new images).
Second, lure false alarms are increased in cases of hippocampal
damage due to mild cognitive impairment (9) or amnesia (58, 59).
Finally, both gaze reinstatement (35; see also, ref. 60) and other
retrieval-related EM effects (61-63) have been linked to activity in
the hippocampus. Considered together with the present results,
these findings suggest that the outcome of behavioral pattern
completion (i.e., lure false alarms) may be attributed, at least in part,
to the hippocampally mediated reactivation of relational informa-
tion, reflected, and likely supported by gaze reinstatement.

In summary, the present study used EM monitoring to provide
evidence that lure false alarms are the result of pattern completion,
whereby, in response to the presentation of an incomplete test
probe, a visually similar, previously encoded image is retrieved.
Given a partial retrieval cue, participants reinstated their encoding-
related EMs for the same (old) or similar (lure) image, and this
gaze reinstatement both supported the recognition of old images
and increased the likelihood of false alarms for lure images. Over
the course of retrieval, gaze trajectories shifted from initially rein-
stating just-viewed sensory input to subsequently reinstating image
features and the accompanying EMs from memory, demonstrating
that the component processes involved in EM-based reinstatement
may flexibly adapt and change over time. Critically, these findings
extend previous work by showing first that gaze reinstatement can
provide a rich proxy for incidental behavioral pattern completion
(i.e., lure false alarms), and second, that the “pattern” of input that is
completed or reactivated during retrieval involves not only the stim-
ulus itself (i.e., image reinstatement), but also the operation by which
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that stimulus was encoded (i.e., gaze reinstatement). Thus, taken to-
gether, the results of the present study suggest that gaze reinstatement
supports behavioral pattern completion as part of its larger role in
memory retrieval. More specifically, by reenacting an encoded
sequence of EMs, gaze reinstatement reflects, and likely facilitates the
reactivation of encoded stimulus features and the relations among
them, which together constitute a “pattern” that can be subsequently
“completed” or retrieved given a partial input cue. Further research
should continue to explore the various ways in which EMs might
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